Computational fluid dynamics (CFD) and numerical investigations of particle inhalability and contaminant exposure have used simple geometrical surrogates for a breathing human form, but the effect of eliminating facial features has not been investigated. In this work, the velocity field and particle aspiration associated with two differently shaped mannequins were investigated to determine if an elliptical form was sufficient to represent the complexity of fluid flow associated with an inhaling human. Laser Doppler anemometry was used to measure velocity, and both optical sizing and gravimetric analysis were used to measure particle aspiration from an aerosol source. All tests were performed with continuous inhalation through the mouth, with the mannequin facing the 0.3 m s À1 freestream. Although limitations in the laser Doppler optics prevented velocity measurements at distances <11 mm in front of the mannequin mouth opening, significant velocity differences were identified up to 20 mm in front of the mouth opening. This indicated that facial features affected the flow field near the face only. Owing to these differences, particle aspiration was compared between mannequins for three different velocity ratio conditions using an aerosol source. Even with relatively large variability in the aspirated concentration in this study, the aspirated mass concentration was significantly less for the anatomical mannequin relative to the elliptical form. Thus, the simplified elliptical cylinder does not sufficiently characterize the fluid dynamics near the mouth of an inhaling human form at these limited test conditions. Future CFD and numerical simulations to investigate human aspiration of particles should incorporate the complex features of the human face to investigate adequately particle aspiration in low velocity environments.
The investigation of human health effects associated with inhaling airborne contaminants requires the determination of the dose received by the exposed individual. As dose is often estimated by measuring vertical (top-to-bottom) diameter of mouth (mm) D eq equivalent (round) diameter of mannequin mouth, determined as the diameter of a round opening with area equivalent to that of the rounded rectangular mouth opening (mm) g gravitational acceleration (9.8 m s À1 ) P probability that the two values being compared are the same R velocity ratio, U o /U s SD standard deviation the contaminant concentration near the breathing zone of a potentially exposed person, samplers must be designed to collect particles with efficiencies similar to that of the breathing human. Inhalable particles must be sampled with a device whose size-selective efficiency matches the American Conference of Governmental Industrial Hygienists (ACGIH) inhalable particulate mass (IPM) curve (ACGIH, 2004) . Equation (1) This equation specifies that the aspiration efficiency for a small particle is nearly 100% but approaches 50% for particles !50 mm.
This equation was developed from wind tunnel experiments where a breathing mannequin, rotated through 360 , was exposed to uniform concentrations of monodispersible particles Birkett, 1977, 1978; Vincent and Armbruster, 1981; Armbruster and Breuer, 1982) . The aspiration efficiency of these mannequins defined the inhalable curve for particles 1-100 mm in diameter. However, to maintain adequate uniform concentrations of large aerosols (Vincent and Mark, 1982; Vincent et al., 1990) , mannequin tests to generate this curve were conducted with velocities greater than typical indoor workplace values of 0.1-0.3 m s À1 (Baldwin and Maynard, 1998) . Kennedy and Hinds (2002) investigated inhalability with a mean velocity field of 0.4 m s
À1
, but they reported difficulties maintaining uniform concentrations of large particles at this low velocity. Aitken et al. (1999) and Hsu and Swift (1999) attempted calm air inhalation studies, but reported different trends in the shape of the aspiration efficiency curves: Hsu and Swift reported an exponential decay beginning with >100% efficiency for 13 mm particles and decreasing efficiencies to nearly 0% for 135 mm particles, whereas Aitken et al. indicated a linear trend that extrapolates to 0% efficiency for 263 mm particles at a 20 l min À1 (liter per minute) breathing rate.
Owing to the difficulties associated with wind tunnel studies, particle aspiration has been investigated numerically using two-and three-dimensional computational fluid dynamics (CFD). Dunnett and Ingham (1986) and Ingham and Hildyard (1991) reported the aspiration efficiency of two-dimensional representations of a human form as an infinitely long cylinder. Similar two-dimensional work by Chung and Dunn-Rankin (1992) was validated with experimental work (Chung et al., 1994; Chung and Dunn-Rankin, 1997) . Fully three-dimensional studies have been limited to spherical bluff bodies, equivalent to a head without a neck and torso (Dunnett, 1997 (Dunnett, , 1999 Dunnett and Vincent, 2000) . Erdal and Esmen (1995) presented a theoretical model of an approximation to a human form using a hemispherical top on a circular cylinder with a round opening for the mouth. Their results from inhalation in a 0.5 m s À1 freestream indicated that aspiration efficiency appeared to approach zero for particles of 200 mm.
These geometric simplifications representing the complex human form provide insight into particle aspiration, but the appropriateness of using a simple shape to represent particle inhalation for a human has not been investigated. Owing to the complicated geometry, no CFD study has investigated particle inhalability with an anatomical representation of a human face. A spherical representation of the human head without a neck and torso ignores the streamwise velocity reduction and lateral and vertical velocity flows induced by the mannequin bluff body, identified as significant in early high velocity mannequin studies of inhalability (Ogden and Birkett, 1977; Vincent and Mark, 1982) . In addition, the importance of the anatomical facial features on the velocity field has not been fully investigated. Ogden and Birkett (1977) investigated the impact of the anatomical features by smoothing facial features and found that the features had little effect on aspiration efficiency. However, their smoothing retained the protrusions of the nose and lips and the recession below the chin, which are not included when modeling a simple sphere as a substitute for the human shape.
Numerical simulations by Dunnett and Ingham (1988) used a sphere to represent the mannequin head studied by Ogden and Birkett. The authors indicated that the deviation between the experimental mannequin study and the numerical simulation was significant for the low suction rate conditions (U s = 1.07 m s À1 ), where the facial structure, likely, had more influence on the overall velocity field since suction no longer dominated (R = U o /U s = 2.57). The differences between the spherical form and the mannequin were not significant as the velocity ratio neared unity (R = 1). However, the low freestream velocity (R < 1) present in many occupational environments has not been explored. In this case, inhalation dominates the velocity field, and differences in the shape of the lips and other facial features that affect the streamlines into the mouth might also be critical to the aspiration efficiency of a breathing human. CFD modeling to investigate particle aspiration avoids the fundamental problem associated with wind tunnel experiments, namely obtaining a uniform suspension of large particles in a low velocity environment. However, the appropriate representation of the human form in these modeling efforts has yet to be addressed. Therefore, the primary aim of this study was to compare a simple geometric form with a complex anatomical mannequin to determine whether the 180 T. R. Anthony, M. R. Flynn and A. Eisner simple form is sufficient to study particle inhalability in CFD studies. Wind tunnel velocity fields were compared between similarly dimensioned inhaling mannequins to determine where and how facial features contributed to significantly different flow fields into the inhaling mouths. Second, particle aspiration was studied using the same mannequins to determine differences in inhaled mass concentrations associated with these velocity field differences. From these tests, the appropriateness of using simple geometric forms to model particle inhalability was evaluated. The results of this study provide guidance to future CFD investigations of particle inhalation.
METHODS
All experiments were conducted with the mannequins facing the wind. The baseline condition studied in both the velocity and particle phases of this study was a freestream velocity of 0.3 m s À1 and continuous inhalation at 10 l min À1 . For particle aspiration experiments, the additional conditions of 0.9 m s À1 freestream velocity and 20 l min À1 inhalation rate were also investigated.
Mannequins
Two test mannequins were used to compare velocity fields and particle aspiration. Owing to the size limitations posed by the wind tunnels used in this study, scaled forms were used. The dimensions of a commercially available complex anatomical mannequin were used to create a stacked elliptical form for this comparison study. Figure 1 illustrates the shapes of (a) the anatomical mannequin and (b) the elliptical form used in this study.
Anatomical mannequin. A commercially available doll, My Size Barbie TM (Mattel Inc., El Segundo, CA, USA), was used as the basis for the anatomical mannequin. Modifications were necessary to ensure that the mannequin dimensions represented a 50th percentile human female-US (Tilley, 1993) . The final dimensions of the form, and the relationship to the 50th percentile anatomical female, are summarized in Table 1 . The neck height was decreased on the original mannequin by 1.9 cm during the fitting of a filter mechanism through which to draw air to simulate breathing. The torso was padded, and the anatomical mannequin was dressed with loose clothing to effectively increase its torso width. The hair was removed, and a rounded rectangular opening was made in the mouth (0.396 cm tall by 1.645 cm wide). Nearly 18% (16.6 cm) of the overall height, was removed from the legs to accommodate the optical requirements of the wind tunnel. On a full-scale human, this removal was equivalent to truncation at the knees. Although the shortened model was less than ideal, this reduction in bluff body size was anticipated to have been minimal to the velocity field near the face of the inhaling mannequin. The mannequin was coated with a static dissipative coating (Clear Water-Borne Polyurethane Static Dissipative Coating, Specialty Coatings Company, Inc., Elk Grove, IL, USA) to minimize electrostatic effects.
Elliptical form. The elliptical form was made by stacking a smaller elliptical cylinder onto an elliptical cylindrical torso, at the shoulder height. The stacked cylinder aligned the head's major axis with the torso's minor axis, to mimic the human form. The top cylinder matched the anatomical mannequin's head width (9.6 cm) and depth (10.8 cm), and the bottom cylinder 181 Evaluation of facial features on particle inhalation matched the anatomical mannequin's torso width (15.5 cm) and depth (11.5 cm). The size and position of the mouth opening was matched to that of the anatomical mannequin.
The key differences between these two mannequins included the elimination of torso features, arms and legs, as well as the facial features, including nose, cheeks, forehead, chin and neck. Another important difference between the forms was the location of the mouth opening relative to the surrounding bluff-body of the face: the elliptical form's mouth was centered on the surface of the cylinder; however, the mouth opening on the anatomical mannequin was recessed behind the surface of the lips and the nose. As is shown in Fig. 2 , the lower lip projected approximately 5.8 mm, the upper lip 8 mm, and the nose approximately 10.2 mm in front of the mouth opening.
Scaling. Focusing on the key parameters that were anticipated to affect the velocity field near the inhaling mouth, the average ratio for the scaled mannequin dimensions and a 50th percentile female was 0.65. For the frontal head diameter (D head ) and mouth dimension ratios, this scaling factor was 0.66.
Experimental conditions were established to ensure that the results of this velocity field study were pertinent to full-scale conditions based on physical dimension ratios and Reynolds numbers. These critical parameters and the test conditions are provided , which is in the range of at-rest breathing for a full scale human (US EPA, 1997). The Reynolds number based on the head diameter (9.6 cm) and the freestream velocity (0.3 m s À1 ) was set at 1910. This value is equivalent to a human-scale velocity of 0.2 m s
À1
and is within the range of typical indoor air velocities reported by Baldwin and Maynard (1998) .
Breathing simulation. Continuous inhalation was simulated with a high volume pump. Tubing connected the pump to the tapered back section of an electrically conductive 25 mm cassette, which was grounded during experiments. These filter holders were connected to a cylindrical fitting permanently mounted inside the mannequin mouth. For velocity measurements, a cellulose backup pad was placed inside the filter holders. For particle concentration experiments, a treated polycarbonate filter was placed in front of the backup pad to collect particles.
Test system-velocity measurements
Wind tunnel. Velocity experiments were conducted at the US EPA wind tunnel at the Research Triangle Park, NC, USA (Heist et al., 2003b) . The closedcircuit wind tunnel measured 1.2 m in height by 1.5 m wide, with a 7 m test section. The blockage ratio of a mannequin in this wind tunnel was <6%, indicating that the walls of the wind tunnel had negligible effect on the velocity field near the mannequin. Glass windows formed the sides and top of the wind tunnel to allow use of a laser Doppler anemometer. A theatrical smoke generator (Martin Magnum Pro 2000, Martin Professional, Denmark) with Euro Fog Machine Liquid (American DJ Supply, Inc., Los Angeles, CA, USA) was used to generate 2-3 mm seed particles for velocity measurements.
As illustrated in Fig. 1 , the major axis of the wind tunnel was defined as the X-axis, positive in the main direction of flow, with the lateral direction defined as +Y to the mannequin's right and vertically upward as +Z. The origin of the axis system was at the center of the mannequin's mouth.
Laser Doppler anemometry. Velocity measurements were obtained using a laser Doppler anemometer (LDA) (Dantec 41N10 Traversing Amplifier, 58N10 PDA Signal Processor and Sizeware 2.0 software, Dantec Dynamics A/S, Denmark) with a Coherent INNOVA 306 laser (Laser Innovations, Moorpark, CA, USA). This method facilitated non-invasive and simultaneous measurements of the three velocity components. An argon-ion laser beam was split into three wavelength components, two beams for each wavelength (U x = 488 nm, U y = 514.4 nm and U z = 476.5 nm). These beams were conveyed via fiber optic cables to fixed transmitting optics on a moveable traverse system. For these experiments, the U x and U z velocity components relied on near-forward scattering, whereas the U y relied on backward scattering. To ensure that the three velocity measurements obtained by the LDA corresponded to an individual particle passing through the laser Doppler measurement volume, the processor's validation level was investigated, and sufficient noise filtering was identified at a À1 dB 
Kinematic viscosity (n) = 1.51 · 10 À5 m 2 s À1 183 Evaluation of facial features on particle inhalation (decibel) validation setting. Bandwidths (which determine the velocity over which velocity measurements could be measured) were generally set to cover the velocity ranges of À0.1-0.4 m s À1 , although when close to the mouth, a larger bandwidth (À0.4-1.3 m s À1 ) for U x was required to measure velocities >0.4 m s À1 . The smaller bandwidth allowed faster data acquisition when the velocity field was sufficiently below the upper bandwidth velocity.
At each measurement location, a time-series of 500 validated velocity measurements resulted in sufficiently stable mean velocity and turbulence intensity. An average of 56 s (SD = 40) was required to obtain the 500 velocity measures at each location. The variability in sample duration was due to operational issues such as changes in seed particle concentration, deposition of particles on the wind tunnel windows and subtle changes in alignment of optics due to minor ambient temperature changes.
Measurement region. Velocity measurements were made within a three-dimensional volume that extended 100 mm upstream and ±30 mm laterally and vertically from the center of the mannequin's mouth. Measurements were made at 5 mm increments in the lateral and vertical directions and 10 mm increments in the upstream direction, with additional measurements closer to the mouth where velocity direction and magnitude were likely to change over smaller distances.
Operating condition verification. At the beginning and end of every test day, velocity measurements were made in an empty wind tunnel to ensure that the freestream remained at 0.3 m s À1 . A total of 24 measurements were made in the plane of the mannequin mouth (X = 0) as well as 150 mm upstream of the mouth to provide freestream velocity data. The inhalation rate through the mannequins was monitored with a Bios Dry Cal DC-Lite calibrator (model DCL-M Rev. 1.8, Bios International Corp., Butler, NJ, USA). Breathing rates were 10.07 l min À1 (SD = 0.017) for the anatomical mannequin and 10.06 l min À1 (SD = 0.021) for the elliptical mannequin, sufficiently similar for the comparative analysis to follow (two-tailed t-test: P = 0.156).
Test system-particle concentration measurements
Wind tunnel. Inhaled aerosol concentration experiments were conducted in a second wind tunnel located in Baity Air Lab (UNC, Chapel Hill, NC, USA). The tunnel was 1.2 m high, 1.5 m wide and 2.4 m in length. To minimize turbulence intensity within the wind tunnel, a 6.3 cm thick fiberglass paint arrestor pad (Hess Industries, Astoria, NY, USA) was placed at the opening of the wind tunnel, behind which was a thin-walled grid, with openings 15.24 · 15.24 cm and 15.24 cm deep. Mannequins were positioned facing the wind, with the center of the mouth opening 152.3 cm downstream of the wind tunnel opening, centered laterally and 64.9 cm above the wind tunnel floor.
Aerosol generation. This study did not attempt to generate a uniform aerosol concentration in the wind tunnel but rather generated aerosols at fixed locations relative to the inhaling mouths of the mannequins. As such, particle aspiration efficiency was not investigated, but a comparison of the performance of the two forms was allowed. A polydispersible liquid aerosol was generated with a Lechler ultrasonic spray system [US 1 nozzle (710.070.16.50) with US 1 generator (071.091.01.11), Lechler, Inc., Metzengin, Germany]. Inland Oil 99 (density = 0.86 g cc À1 , Inland Vacuum Industries, Churchville, NY, USA) was pumped from a reservoir to the nozzle at 0.45 ml min À1 (SD = 0.016) using a MasterFlex pump (Cole-Palmer Instrument Co., Niles, IL, USA). To optimize aerosol delivery, compressed air was applied to the nozzle at 2 l min
À1
. In all tests, the nozzle was oriented horizontally towards the back of the wind tunnel with the outlet 32 cm downstream of the wind tunnel opening and centered laterally within the freestream.
Three velocity ratios were investigated: R = U o /U s = 0.33 (0.9 m s À1 freestream and 10 l min À1 inhalation), R = 0.11 (0.3 m s À1 freestream and 10 l min À1 inhalation) and R = 0.056 (0.3 m s À1 freestream and 20 l min À1 inhalation). As particle aspiration and not aspiration efficiency (with a uniform aerosol field) was investigated, the aerosol source was positioned to optimize the particle concentration inhaled by the mannequins. For the low freestream velocity (0.3 m s À1 ), the nozzle was 101.65 cm above the wind tunnel floor. This allowed sufficient amounts of particles to settle in the region upstream of the mannequin thereby facilitating particle aspiration. For the highest freestream velocity investigated (0.9 m s À1 ), aerosol released at the previous height was insufficient to allow the large particles to reach the mannequin mouth, as the majority of the aerosol passed over the mannequin head. For 0.9 m s À1 freestream velocity, the nozzle was lowered to 80.1 cm above the floor to obtain adequate seeding into the mouth.
Particle sizing. For the baseline condition (R = 0.11), the size distribution of particles collected inside the mouth was investigated. Samples were collected inside the mannequin mouth on 25 mm diameter polycarbonate filters (2 mm pore size, Nuclopore Track-Etch Membrane, Whatman Inc., Clifton, NJ, USA) treated with Nyebar Q (2.0%, lot 0212200, Nye Lubricants, Fairhaven, MA, USA) to cause the liquid aerosol to bead on the filter surface (Carlton and Flynn, 1997) . The spread factor, defined as the ratio of the flattened droplet diameter on the filter to the round airborne droplet diameter for 184 T. R. Anthony, M. R. Flynn and A. Eisner this oil/Nyebar Q/polycarbonate combination was 1.31 (SD = 0.028) (Prabhu, 2003) . Particles were optically sized using a Nikon Microphot FXA microscope (Nikon, Garden City, NY, USA) operating in bright field at 40· magnification. This microscope was fitted with a camera (Optronics DEI 750 3-chip CCD, Goleta, CA, USA) to digitally photograph images of the collected aerosol droplets. For each filter, images of 60 fields equally spaced in a radial scheme (Leith and First, 1976 ) were analyzed to determine particle size distribution for each filter. The particle size distributions were compared between forms to determine differences in aspirated particle sizes and count concentration.
Mass concentration. Particle mass concentrations were compared between mannequins for all three velocity ratios using the differences between postand pre-inhalation weights of the treated polycarbonate filters. For a given set of velocity conditions, six paired replicate samples were collected over a 2-day period, alternating test mannequins to obtain paired samples. Blanks were collected by sampling through the mannequin mouths without aerosol generation; these blanks were collected prior to each aspiration test and it was confirmed that the filter weight changes were due solely to the challenge aerosol.
Data analysis
Velocity measurements. To compare velocity fields, velocity data were paired by measurement location for the two mannequins. At locations where replicate data existed for a mannequin, the mean of each velocity component was used. Velocity differences between the forms were calculated using
where DU i, j = difference between velocity component i at location j U i, j A = velocity component i associated with anatomical mannequin, at location j U i, j E = velocity component i associated with elliptical form, at location j Data were analyzed individually and then grouped and analyzed regionally, based on anatomical feature locations. To indicate significantly different velocity fields between the forms, two criteria were required: (i) the velocity differences must have exceeded the measurement uncertainty of -0.020 m s À1 and (ii) velocities must differ by at least 10%.
The maximum replicate velocity difference of 0.020 m s À1 was used as the first test of significance. This uncertainty was determined by analyzing replicate velocity measurements taken at the same location for a given mannequin. Over all replicate measurements, the maximum difference in any velocity component at any one location was the streamwise velocity (U x ) of 0.020 m s À1 , $6% of the freestream horizontal velocity. Maximum lateral (U y ) and vertical (U z ) component measurement differences were of the same order of magnitude, at 0.016 m s À1 for U y and 0.018 m s À1 for U z . The 10% velocity difference limit was established to ensure that velocity differences were significantly greater than the turbulence intensity over the measurement volume. The mean turbulence intensity was 3.1% (SD = 2.1) over all velocity measurements with both inhaling mannequins. Hence, 99% of the time, the turbulence intensity at any one location was <9.4%. An absolute relative velocity ratio, jDU i, j /U i, j A j, >9.4% would indicate that the velocity difference between the forms was significantly greater than the turbulence intensity over the measurement volume.
In addition to velocity magnitude differences, the locations where velocity changed direction were investigated. The Cartesian coordinate system was less than ideal for describing this, as a lateral flow that was positive in some locations represented air that was directed into the mouth, whereas in other locations the positive sign indicated flow away from the mouth. Thus, the cylindrical coordinate system was adopted by transforming lateral and vertical data into radial vectors and using the streamwise direction (X ) as the system axis, maintaining the origin at the mouth center. Using this scheme, zero-radial-velocity contours for a given distance upstream of the mouth (X ) were used to identify locations where the fluid changed from going towards the X-axis (negative, into the mouth) to going away from the X-axis (positive, away from the mouth). The area contained within the zero-radial-velocity contours defined the inhalation streamtube. Zero-velocity contours were generated using cubic spline interpolation. Differences between the forms in areas bounded by these zero-velocity contours were evaluated to examine whether the size of the approaching inhalation streamtube was significantly different. These flow field differences could result in differences in particle motion in the region of the inhaling mouth and could result in different aspiration efficiencies for the two mannequins.
Particle concentration measurements. Owing to the short sample time associated with particle sizing tests, at R = 0.11, data were grouped by form to generate a fractional size distribution and to determine the median aspirated particle diameter. Additional aspirated mass concentration data were paired by form for each of the three test conditions (R = 0.056, 0.11, 0.33), and paired t-tests were used to examine statistical differences. 185 Evaluation of facial features on particle inhalation
RESULTS

Velocity comparison
Velocity data were obtained at 1171 paired locations. The closest measurement occurred 11 mm upstream of the mouth opening (X = À11 mm), although a portion of the measurement locations in this plane were unobtainable due to blockage of the laser beam by the facial features. Figure 3 provides examples of velocity vectors in the midsagittal plane (Y = 0) as an illustration of the measurement area and flow orientation. In Fig. 3 , the velocity data is superimposed over a scaled image of the anatomical mannequin, shown with a streamtube created by incense smoke to visualize the velocity field in the wind tunnel. ), but the differences were not statistically significant (P = 0.24). The vertical freestream velocity (U z ) was slightly downward, at an average of À0.006 m s
À1
(SD = 0.008). A significant difference (P = 0.018) in vertical velocity was identified between days when the elliptical mannequin was tested (U z = À0.001 m s
) compared to days when the anatomical mannequin velocity field was tested (U z = À0.011 m s À1 ), indicating that the vertical velocity differences in mannequin tests may be partially attributed to differences in freestream conditions. These differences, however, were less than the measurement uncertainty (0.020 m s À1 ) used to compare velocity fields between mannequins. For all freestream velocity component measurements (n = 2448), the mean turbulence intensity was 2.3%, with a standard deviation of 3.6%. Turbulence intensity did not vary significantly between velocity components.
Radial velocity contours. Significant differences between the radial velocity contours for the two inhaling mannequins were assessed at distances of 11 and 15 mm from the mannequins' mouths. Zeroradial-velocity contours are provided in Fig. 4 for (a) X = À11 mm and (b) X = À15 mm. The contour data is superimposed over a scaled image of the anatomical mannequin to illustrate the locations of facial features. With the elliptical cylinder, radially inward velocities at locations above the center of the mouth (Z > 0) were identified only as close as X = À11 mm (Z < 21 mm at Y = 0). With the anatomical mannequin, however, inward radial velocity above the mouth center existed further upstream, at X = À11 (Z < 17 mm), À15 (Z < 12 mm) and at À20 mm (Z < 2 mm). Hence the facial structure created downward airflow into the inhaling mouth at greater distances anterior to the mouth compared with the featureless elliptical form. Below the mouth, the radial velocity was towards the mouth center due to the upward velocity component (U z ) caused primarily by flow around the bluff body.
Statistical significance between the widths and heights of these zero-radial-velocity contours was T. R. Anthony, M. R. Flynn and A. Eisner evaluated using paired t-tests. At X = À11 mm, the differences in widths of the zero-velocity contours were statistically significant (P = 0.025), but the height was not (P = 0.36). At X = À15 mm, both the widths (P = 0.0002) and heights (P = 0.0007) were significantly different. Wilcoxon signed-rank tests yielded similar conclusions. Hence, the size of the streamtube that approached the inhaling anatomical mannequin was significantly larger than that of the elliptical mannequin at 11 and 15 mm in front of the mouth opening.
Velocity differences. A summary of the velocity difference analysis is provided in Table 3 . Coordinates of locations where velocity differences exceeded the maximum measurement uncertainty are provided, grouped by anatomical region. The average velocity for those coordinates is provided for both mannequins, and the average velocity ratio is given for the data group.
The locations of the regions of significant differences in streamwise velocity (U x ) are identified in Fig. 5 . In the mouth region, the average velocity for the elliptical form was only 80% of the anatomical mannequin velocity. In the region under the chin, the average streamwise velocity was again significantly greater for the anatomical mannequin compared with the elliptical form (U xE /U xA = 81%). However, in the region above the mouth to just under the tip of the nose, conditions reversed, as the streamwise velocity associated with the elliptical form was greater than that of the anatomical form (U xE /U xA = 132%). At (X, Y, Z ) = (À11, 0, 20), the velocity ratio U xE / U xA was 570%, as the measurement location for the anatomical form was just in front of the tip of the nose (U xA = 0.018 m s À1 ). Regions that were identified as significantly different between the two mannequins, included the region below the mouth on the left side of the mannequin's face (U xE /U xA = 87%), the region above the mouth on the rightside of the mannequin's face (U xE /U xA = 117%) and the region above the nose to the left (U xE /U xA = 81%). Owing to the lateral asymmetry of these significant regions, mannequin misalignment or facial asymmetry may have contributed to these differences in velocity field.
The locations of the regions where the vertical velocity (U z ) differed significantly are illustrated in Fig. 6 . In the region just under the mouth, the average velocity ratio (U zE /U zA ) was 74%, indicating a greater upward velocity towards the mouth with the anatomical mannequin. In the region at and above the center of the mouth, the vertical velocity at each location was significantly more downward with the anatomical mannequin compared with the elliptical form (U zE /U zA = À90%). In addition, in the region under the chin and near the midsagittal plane, the . Regions of significant streamwise velocity differences (R = 0.11). All values are average U xE /U xA within the region indicated over X = À11 to À15 mm, except for: under the chin (81%), which also includes X = À20 mm, and above the nose (81%), which is only for X = À11 mm.
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Evaluation of facial features on particle inhalation Table 3 . Regions of significant velocity difference (R average velocity ratio (U zE /U zA ) was 164%, indicating that the anatomical chin/neck resulted in not only greater streamwise velocity (U x ), as seen earlier, but also reduced upward velocity due to the recessed neck. Finally, in the region above the tip of the nose (Z ! 20 mm), across all lateral distances measured, and up through X = À20 mm, the vertical velocity associated with the anatomical mannequin was significantly greater than that of the elliptical form (U zE /U zA = 47%). The regions where lateral velocity (U y ) differed significantly are illustrated in Fig. 7 . Although lateral velocity components were incorporated into the previous radial velocity contour analysis, the lateral velocity field differences are presented independently, because of the asymmetry identified. Lateral velocities, directed away from the face centerline, were greater for the elliptical form on the left (ÀY ) side at chin height (U yE /U yA = 142%) and the entire right (+Y ) side of the face (U yE /U yA = 224%). On the right side of the face at chin height (Z < À20 mm), the lateral velocity magnitudes were also significantly greater with the elliptical form through X = À20 mm (U yE /U yA = 191%, P < 0.0001), matching the volume on the left side. There were only two locations where the lateral velocity was significantly away from the mannequin centerline for the anatomical mannequin: in the region of the nose (U yE /U yA = 23%) and medially under the chin. Under the chin near the mannequin center, the velocity ratios ranged from +18 to À1200% but in each of these 12 locations, the lateral velocities associated with the anatomical form were at least 0.020 m s À1 more towards the left than its paired elliptical velocity. Close examination of the mannequin face revealed that the right (+Y) side was 2 mm wider than the left (ÀY ) side, centering on the nose tip. As the mouth opening was centered on this nose tip, this discrepancy may account for the significant lateral velocity differences on the right but not on the left of the mannequin.
Particle aspiration comparison
Particle size distributions for aspirated particles were similar for both forms. For the same baseline condition used in the velocity comparison study (R = 0.11), the size distribution for aspirated particles were similar for both forms. Sample times were limited to 1 min or less for these tests to ensure sufficient particle spacing on the filter for sizing, but these short sample durations resulted in large variations between the particle counts for a given mannequin. Thus, data were combined for the six tests for each mannequin to obtain an average particle distribution, shown in Fig. 8 . The median count diameter for both forms was 60 mm, equivalent to a Stokes number of 0.03, using:
where St is the Stokes number, r p is the particle density (0.86 g cc
À1
), d is the particle diameter, m is the air viscosity, U o is the freestream velocity, D eq is the diameter of a round mouth with the area equal to the rounded rectangle of the test mannequins.
The aspirated mass concentration tests allowed longer sample times, but variability between replicates still existed. The results of the six pairs of replicate experiments conducted at each of the three velocity-ratio conditions are shown in Fig. 9 . Despite the unfortunately large replicate variability Fig. 7 . Regions of significant lateral velocity differences (R = 0.11). All values are average U yE /U yA within the region indicated over X = À11 to À15 mm, except for the left under chin region (142%), which also includes X = À20 mm.
The center location under the chin is significant, but the average ratio is insufficient to describe behavior here. Fig. 6 . Regions of significant vertical velocity differences (R = 0.11). All values are average U zE /U zA within the region indicated over the following upstream distances: X = À11 mm under the chin (164%), X = À11 and À15 mm under the mouth (74%), X = À11 mm at/above the mouth (À90%), and X = À11, À15, À20
for above the nose (47%).
189 Evaluation of facial features on particle inhalation (mean coefficient of variation = 30%), the mass concentration inhaled by the anatomical mannequin was consistently and significantly less than that of the elliptical mannequin for each set of velocity conditions, as indicated in Table 4 .
The significantly higher mass concentrations aspirated by the elliptical form indicates that there may be a trend of more larger particles having been inhaled by the elliptical form compared with the anatomical mannequin. A closer look at the tails of the size distribution curve from optical counting at R = 0.11, acknowledging the limitations of the low number counts in these ranges, provides some evidence of this trend. The anatomical mannequin inhaled more smaller particles than did the elliptical form: 19 of the 1004 (2%) of the inhaled particles counted were smaller than 44 mm, yet no particles smaller than 44 mm were measured with the elliptical form, given the At the other end of the spectrum, the elliptical form inhaled more larger particles than the anatomical mannequin: of the particles counted for the elliptical form, 9 (1.6%) were >86 mm and 3 (0.5%) were >95 mm, compared with 5 (0.5%) >86 mm and none (0%) >95 mm for the anatomical mannequin. These represented only a few particles over a short sample duration, but the data indicated a trend for aspirating smaller particles by the anatomical mannequin and larger particles by the elliptical form, even though the median diameters for the size distributions were the same.
DISCUSSION
The facial features of the inhaling anatomical mannequin were associated with a significantly different velocity field compared to that of an inhaling elliptical cylinder at distances <30 mm anterior to the mouth. In addition, the mass of the particles aspirated by the anatomical form was significantly less than that of the elliptical form at the tested indoor air velocity conditions with the facing-the-wind orientation.
A key reason for these differences was the projection of the anatomical mannequin's facial features in front of the mouth opening. While the surface of the elliptical cylinder was flush with the mouth opening and devoid of facial features such as nose, lips and chin protruding upstream of the surface, the anatomical mannequin's facial features projected up to 10.2 mm into the upstream flow field, relative to the position of the mouth opening. As expected, the nose projection resulted in decreased horizontal velocity upstream of the nose, but this effect was limited to within 10 mm in front of the nose tip (X = À20 mm). Above the nose, the anatomical mannequin's horizontal and vertical velocity components were greater than that of the elliptical form. At these heights, the anatomical mannequin's face began to recess behind the X = 0 mm surface of the elliptical form. In the region under the chin, the neck also recessed behind the X = 0 mouth opening plane, resulting in obvious velocity differences. As air was allowed to pass under the chin, the horizontal velocity was greater and the vertical velocity was less with the anatomical mannequin compared with the elliptical mannequin. In the similar region on the elliptical mannequin, the velocity was forced to turn upward and laterally to pass the bluff body. The horizontal velocity differed significantly through 20 mm in front of the plane of the mouth opening, but vertical effects were significantly different only at the closest measurement location, X = À11 mm.
More important to contaminant transport into the inhaling mannequin were velocity field differences into the mouth. By reviewing the mannequin profiles illustrated in Fig. 2 , air into the elliptical mannequin was restricted only by the flat surface of the mannequin, a 180 arc from top to bottom surfaces at the midsagittal (Y = 0) plane. However, the lips of the anatomical mannequin restricted the incoming air to 60 , causing a significant volume reduction. Given the same inhalation rate and mouth orifice area for the two mannequins, the velocity immediately upstream of the anatomical mouth was greater in magnitude due to this physically restricted volume. The lateral motion was not as restricted in either form, as both forms were open at the sides of the mouth orifice.
The effects of velocity differences into the mouth were limited to the lateral distances just wider than the mouth opening, at -0.6 times the mouth orifice width. While velocities near the mouth were greater with the anatomical mannequin, these effects were limited to vertical distances -2.5 times the mouth orifice height.
The identified velocity field differences into the mouth occurred within a small volume, approximately 30 mm high by 20 mm wide within 20 mm upstream of the mouth. However, velocity field differences identified above the mouth could affect particle seeding into the inhalation region. In the region at and above the nose tip, near the centerline, the fluid flow field was less towards the mouth for the anatomical mannequin: the lateral velocity was more away from the centerline, vertical velocity was more upward and streamwise velocity was smaller towards the face. Velocity differences at streamwise distances closer to the mouth opening could not be obtained, but approaching the elliptical cylinder, there was more volume through which particles could fall into the inhalation stream tube-a volume blocked by the facial features of the anatomical mannequin. In low velocity environments where gravity dominates large particle motion, the nose and lips serve as a surface for particle impaction and interception on its way to the inhaling mouth.
The particle experiments were not conducted to explore fully the issue of particle inhalability, as no attempts were made to generate a uniform aerosol distribution. However, the tests were conducted so that the aspirated concentration could be compared between two similarly dimensioned mannequins with the same relative distance to an aerosol source. 191 Evaluation of facial features on particle inhalation Variability in the particle aspiration experiments could be attributed to the short sample duration. In these short periods, small fluctuations in the velocity field in the 2.4 m long wind tunnel operating at 0.3 m s À1 would have a large impact on the aspiration in the facing-the-wind orientation. With a slightly taller wind tunnel, the position of the aerosol source relative to the inhaling mouth could have been better optimized to allow for a longer test time, which may have resulted in less variability between tests. In addition, the aerosol generator has not been evaluated for generation rate stability and any temporal variation in aerosol output may contribute to the identified particle aspiration variability.
For a given test velocity ratio, the sample durations were the same for both the test mannequins, yet the variation in particle mass concentration was greater for the elliptical form than for the anatomical form. Preliminary visualization studies using incense upstream of the inhaling mannequin indicated that aspiration of incense smoke by the elliptical form was more sensitive to the generation position: the incense stick was positioned horizontally, burning from right to left and the time over which the incense was captured by the anatomical mannequin was, qualitatively, longer than that of the elliptical form over multiple days. Hence, small temporal changes to the velocity field in the open-entrance wind tunnel may have affected particle aspiration by the elliptical form more than the anatomical form, resulting in more variability in the elliptical form's aspiration of the oil aerosol generated from a fixed position upstream and above the inhaling mouth.
Regardless of this variability, in each paired aspiration test, the mass inhaled by the elliptical form was always greater than that of the anatomical mannequin, by at least 20% (mean 88%), regardless of the velocity ratio examined. With aerosol generation at the same fixed location relative to the mouth opening, aerosol impaction by the mannequin face during gravitational settling anterior to the nose and lips is a plausible reason for the reduced aspirated mass.
These study conditions can be scaled to humanscale, using Reynolds number for the fluid field and Stokes number for particle motion. However, the gravitational effects on particles cannot be directly scaled to the larger system (Froude = 0.096 in this study, but 0.028 in full-scale system). Thus, the applicability of the particle findings of this study to an inhaling human is limited. Ignoring gravitational effects, the median particle size of 60 mm in these tests scaled to 90 mm in a human-scale system, using Stokes number. This particle size lies within the scope of inhalable particles, but the gravitational effects on an aerosol in the equivalent full-scale system would be greater than this study's system. In addition to scaling and feature dimension issues, this study simplified the complexity of conditions needed to fully explore particle inhalability. Specifically, the neglect of the natural convective layer associated with a real human, the continuous rather than cyclical inhalation, and the sole orientation of facing-the-wind provided only a limited evaluation of the appropriateness of using an elliptical surrogate in lieu of a more complex anatomical form. In low velocity environments, the natural convection boundary layer surrounding a real human creates an upward velocity component that may affect particle inhalability in the velocity range studied here, specifically for smaller particles (Heist et al., 2003a) , and this effect on the differences in the performance between these two mannequins was not addressed here. In addition, the effect of inhalation patternspecifically continuous inhalation versus a more realistic cyclical breathing-was reported by Kennedy and Hinds (2002) to have little or no effect on mouth inhalability. The differences found between the particle aspiration of the two mannequins tested here may be of in the same order of magnitude as the continuous inhalation simplification. Finally, the facing-the-wind orientation used here has the highest aspiration efficiency of all orientations (e.g. Breuer, 1982, Kennedy and Hinds, 2002) and contributes appreciably to the orientationaveraged inhaled particulate mass. Even if other orientations were investigated and had less significant differences between the two mannequin shapes, it is the facing-the-wind orientation that contributes most to the inhaled particulate mass. Therefore, significant differences in both the velocity field and the particle aspiration between the anatomical mannequin and the elliptical form in the facing-the-wind orientation, regardless of the inhalation pattern, indicate that the elliptical cylinder may be insufficient to represent the human form for large particle aspiration efficiency studies.
CONCLUSIONS
This paper described a method for evaluating velocity field and particle aspiration differences between two scaled inhaling mannequins in a low velocity environment. Although limitations in the laser Doppler system prevented velocity field measurements close to the mannequin surface, significant differences were identified. These differences were in the region where air was directed into the inhaling mouth, as well as above the mouth and below the chin. Velocity differences were not significant beyond 20 mm upstream of the mouth opening, indicating that the facial features affected the flow field only near the mannequin surface.
Particle studies used a fixed aerosol source rather than generating a uniform aerosol concentration, which released liquid aerosol upstream and above 192 T. R. Anthony, M. R. Flynn and A. Eisner the same two inhaling mannequins. The median count diameter aspirated by both mannequins for the baseline condition (R = 0.11) was 60 mm, equivalent to a Stokes number of 0.03. In each of the three different velocity ratio conditions tested (R = 0.056, 0.11, 0.33), the particle mass concentration aspirated by the anatomical form was significantly less than that of the elliptical form. This particle study indicates that an elliptical cylinder may be a poor surrogate for a human form and may overestimate particle inhalability, specifically for the facing-the-wind and low freestream velocity condition tested. The mannequins investigated were selected to represent human forms: the simplified elliptical form was selected because of the potential ease of its use in CFD modeling, whereas the anatomical mannequin was commercially available yet a reasonably realistic example of human geometry. The lip and nose features were associated with larger horizontal velocity and larger lateral velocity towards the inhaling mouth at distances less than 20 mm anterior to the mouth opening. Although only one anatomical form was examined, the facial features were associated with different velocity fields and could be associated with reduced aspiration concentration compared with an elliptical cylinder. Future three-dimensional CFD and numerical simulations to investigate human aspiration of particles should incorporate the complex features of the human face, including nose, lips and chin as well as a rounded head, to adequately investigate particle aspiration in low velocity environments. Details in the lateral dimensions, such as cheeks and ears, are less critical.
